The Cu I -catalyzed Huisgen 1,3-dipolar cycloaddition, popularized as ''click chemistry,'' is one of the latest acquisitions to the synthetic arsenal for the making of mechanically interlocked molecular compounds. The high efficiency and functional group tolerance of ''click chemistry'' allows this reaction to be employed at the stoppering step in the ''threading-followed-by-stoppering'' sequence that produces rotaxanes, and in the macrocyclization step that affords catenanes. The use of this kind of ''click chemistry'' alleviates some of the drawbacks associated with previous approaches to the template-directed synthesis of mechanically interlocked molecular compounds-approaches such as ''clipping;''-and opens up the way to more exotic mechanically interlocked molecules. Employing this new approach, [2]-, [3]-, and [4]rotaxanes and [2]catenanes have all been prepared in a convergent and efficient manner. Their template-directed synthesis relies, in the beginning, on the formation of [n]pseudorotaxanes, which can either (i) be stoppered, affording [n]rotaxanes, or (ii) induced to undergo an intramolecular cyclization, affording [2]catenanes. This new synthetic approach has also been employed in the template-directed synthesis of a self-complexing system as well as a two-station, degenerate [2]rotaxane (molecular shuttle) which was used to measure the energy barrier (15 kcal mol À1 ) to shuttling by a cyclobis(paraquat-p-phenylene) ring between two identical 1,5-dioxynaphthalene (DNP) stations across a 1,2,3-triazole unit. It has also been found that the Cu I -salt, employed in the click reaction between an azide and an alkyne, can act as both a catalyst and a template in the formation of [2]rotaxanes. The ''click'' approach has also been used in the formation of a bistable [2]rotaxane containing a DNP station and a tetrathiafulvalene one. Electrochemical experiments performed on this compound indicate that the presence of the triazole unit does not influence the kinetics or thermodynamics of the redox-controlled switching process. Finally, the synthesis of a liquid-crystalline bistable [2]rotaxane, which shows smectic A phase behavior over a wide range of temperatures, is described.
Introduction
The means by which mechanically interlocked molecules, such as catenanes, rotaxanes, and knots, 1 have been made, has undergone a major transformation during the past two decades. The use of Cu I -based template-directed synthesis 2 by Sauvage et al. 3 in the early 1980's has paved the way for the efficient preparation of a large number of mechanically interlocked molecular compounds. Over the course of the past 25 years, synthetic protocols have evolved to encompass a myriad of recognition motifs 1 -such as donor-acceptor, hydrogen bonding, and hydrophobic interactions-as the key interactions presiding over the efficient formation of mechanically interlocked molecules. In the beginning, the research was driven by the synthetic challenge, as well as by the topological interest in and the exotic nature of the molecules themselves. In parallel with the development of template-directed synthetic strategies, interest in these molecules has also flourished with time, spearheaded largely by the introduction of functional attributes into these molecules. One of the key breakthroughs in the field was the introduction of bistable [2]rotaxanes and [2]catenanes, 4 a development which has led 5, 6 to the use of such molecules in the fabrication of Molecular Electronic Devices (MEDs) and as actuating materials in NanoElectroMechanical Systems (NEMS) among other applications. The bistability present in two-station mechanically interlocked molecules stems from the mechanical bonds 4 and noncovalent forces that hold their components together in a rather precise way. These combined properties can give rise to relative movements, such as discrete circumrotation 7 and shuttling motions which can, in principle, be controlled by external stimuli, enabling the development of such molecules as switches 5 and machines. 6 The main synthetic protocols, employed in the synthesis of single station and bistable mechanically interlocked compounds are (Scheme 1) the ''threading-followed-by-stoppering'' and ''clipping'' approaches. 8a,b The former approach is occasionally limited by the stoppering step which has to be tolerant of the other functional groups present in the noncovalently bound precursors, i.e., pseudorotaxanes. Until recently, 4-6 a template-directed ''clipping'' approach has dominated the synthesis of donor-acceptor catenanes and rotaxanes containing the -accepting ring cyclobis(paraquat-p-phenylene) 9 (CBPQT 4þ ) (Chart 1) ring which is formed, using appropriate acyclic precursors, around rings and dumbbells, respectively, containing -donating units. Since the CBPQT 4þ ring is sensitive to reducing agents, bases, and nucleophiles, the ''clipping'' reaction is almost always the final step in the synthesis of catenanes and rotaxanes. These constraints limit both the the structural complexity and practical preparative scale of the mechanically interlocked compounds that can be designed and produced.
Recently, new approaches have been pursued by us and other groups, 10-14 which proceed under conditions compatible with the functional groups and host-guest binding present in these mechanically interlocked molecules. One of these approaches involves the use of Cu I -catalyzed Huisgen 15 1,3-dipolar cycloaddition 16 in the formation of catenanes and rotaxanes. The ''click chemistry'' approach, popularized by Sharpless et al., 16a is highly efficient, functional group tolerant, and proceeds under mild reaction conditions, making it appropriate for the template-directed synthesis of mechanically interlocked molecules. When coupled with ''threadingfollowed-by-stoppering'' ''click chemistry'' can be used to overcome the limitations of the ''clipping'' approach. The synthetic strategy relies, in general, upon the formation of [n]pseudorotaxanes, wherein the appropriate macrocycle is threaded by linear molecules containing complementary recognition units and terminated by azide and/or alkyne functions which can subsequently undergo click reaction: it is a good example of supramolecular assistance to covalent synthesis. 17 Here, we describe the use of ''click chemistry'' by us and other researchers in the efficient synthesis of [n]rotaxanes and [2]catenanes.
Clicked [n]Rotaxanes
Retrosynthetic analysis of the architectures illustrated in Fig. 1 has led 10 recently to the development of a ''toolkit'' of alkyne-or azide-functionalized rods, stoppers, and CBPQT 4þ derivatives which provide modular access to a wide variety of mechanically interlocked molecular compounds.
The ''toolkit'' has been used in the synthesis of a series of 1,5-dioxynaphthalene (DNP)-based [n]rotaxanes by applying the ''click chemistry'' mediated ''threading-followed-by-stoppering'' method. 10 More often than not, the reaction usually starts (Scheme 1) with the formation of a stable pseudorotaxane precursor comprised of the appropriate -electron donoracceptor pair, followed by the stoppering reaction. Application of this general synthetic strategy involves (Scheme 2) the mixing of CBPQT Á 4PF 6 in DMF at À10 C with an azide-terminated DNP derivative. Under these conditions, the equilibrium lies predominantly in favor of formation of the [2] to the azide-alkyne cycloaddition conditions, however, has afforded (Scheme 4b) the [2]rotaxane 9 Á 4PF 6 , in 11% yield.
It was also demonstrated 10b that the yield of 9 Á 4PF 6 can be increased to 37% by running the reaction in the presence of
MeCN yielded single crystals suitable for X-ray crystallography. 10b The solid-state structure is shown in Fig. 2 . The two adjacent pyridinium rings are twisted 33 out of the plane formed by the four N þ atoms on account of the presence of the four fluorine atoms, whereas the pair of pyridinium rings adjacent to the p-phenylene bridges have only a 3 out-ofplane twist. The size of the binding cavity is reduced significantly compared to that in the parent CBPQT 4þ ring on account of the increased torsion between the bipyridinium rings, a factor which might explain, in part at least, the reduced ability of 5 Á 4PF 6 to form complexes with -donating substrates.
Furthermore, the self-complexing 20 mechanically interlocked compound 10 Á 4PF 6 , was prepared in 43% yield (Scheme 5) by reacting 10b an alkyne-functionalized CBPQT 4þ derivative with the azide 2. Since self-complexing compounds have a rich stereochemistry and display 21 a variety of interesting dynamic processes, improved and efficient methods for their preparation will facilitate their further development and exploitation as molecular switches 5 and machines. The molecular shuttle 11 Á 4PF 6 was prepared 10b in 16% yield (Scheme 6) by subjecting (i) 2 equiv of the azide 2, (ii) 1 equiv of 1,4-diethynylbenzene, and (iii) 1 equiv of CBPQT Á 4PF 6 , to the Cu I -catalyzed cyclization conditions. The rate of shuttling of the tetracationic cyclophane over the 1,2,3-triazole units placed between the two equivalent DNP recognition sites was measured by variable temperature 1 H NMR spectroscopy. Using the coalescence method, the energy barrier to shuttling was determined to be 15.5 kcal mol À1 . This value is similar to those (15.0 and 15.5 kcal mol À1 ) obtained 8g for other molecular shuttles in which the linking units between the two equivalent DNP rings contain triphenylene and tetraethylene glycol units, respectively. This observation demonstrates that the triazole rings do not affect appreciably the rate of the degenerate shuttling processes in molecular shuttles.
Recently, Sauvage et al. 11 have used a similar ''threadingfollowed-by-stoppering'' approach in the efficient synthesis (Scheme 7) of a labile Cu I -rotaxane-like complex having a 2,2 0 -bipyridine ligand 12 extended outwards from its 5 and 5 0 positions as the threaded chelate. The tetrahedral coordination geometry of Cu I enables the trapping of a pair of bidentate ligands-the thread 12 and a macrocycle 13-in a mutually orthogonal orientation, creating a [2]pseudorotaxane which is capable of undergoing stoppering reactions to form the desired mechanically interlocked compound 14 Á PF 6 . ''Click chemistry'' was employed because the threaded chelate used in the synthesis was unhindered, a property which destabilizes the Cu I -based pseudorotaxane required in the production of the [2]rotaxane. When sterically hindered chelates, such as 2,9-dianisyl-1,10-phenanthroline derivatives, are employed, very stable Cu I -based [2]pseudorotaxanes, which do survive the stoppering reaction conditions, are obtained. The template-directed synthesis of [2]rotaxanes involving unhindered chelates, however, is much more desirable because the mechanically interlocked components will rotate much faster 22 than they do in their highly hindered counterparts, a property which is required in applications pertaining to molecular switches 5 and machines. 6 The synthesis (Scheme 7) of the Cu I complex precursor has been accomplished by preforming a [2]pseudorotaxane between a diazido-terminated 2,2 0 -bipyridine derivative 12 and the 30-membered ring compound 13 employing Cu I -template-directed threading. 11 In the second step, an alkyne-terminated stopper was added to the reaction mixture, in addition to 0.75 equiv of the copper catalyst [Cu(MeCN) 4 -PF 6 ] and 0.4 equiv of base (Na 2 CO 3 ). The reaction mixture was then stirred for 21 h, followed by workup and purification by chromatography, to yield the targeted [2]rotaxane 14 Á PF 6 in 62% yield. Cyclic voltammetry (CV) indicated that the [2]rotaxane behaves in a manner similar to that reported previously for related compounds, 22 confirming that the triazole ring does not alter appreciably the electrochemical properties of the [2]rotaxane.
Leigh et al. 12 have recently announced an elegant rotaxaneforming protocol (Scheme 8) in which Cu I acts as both the catalyst and the template during the synthesis of the mechanically interlocked compound. The synthetic strategy relies on the fact that the kinetics of ''click reactions'' in organic solvents are enhanced 16a in the presence of tertiary amines, especially pyri- dines. Therefore, a macrocycle bearing an endotopic ligating nitrogen can be used to direct the catalysis in its cavity. The 2,6-disubstituted pyridine macrocycle 15 was stirred overnight in the presence of alkyne-and azide-terminated stoppers, along with 1 equiv of Cu(MeCN) 4 PF 6 as the copper source, in CH 2 Cl 2 to obtain (Scheme 8), after demetalation with KCN, the desired [2]rotaxane 16 in 57% yield. When excess of the stoppering reagents were employed, the yield increased to 94%. When substoichiometric amounts of the copper salt (20 mol % relative to the macrocycle) were used and the reaction run at room temperature, it stopped after the rotaxane, equivalent to the amount of copper, had formed (20% yield). The addition of pyridine as a competing ligand, however, enabled the catalyst to turn over, and a substoichiometric reaction was observed, affording yields in the range of 38-59%. Optimizing reaction conditions involving the elevation of temperature led to the isolation of the [2]rotaxane 16 in 82% yield after 36 h and using only 4 mol % of the copper salt with respect to the stoppers.
Clicked [2]Catenanes
The template-directed synthesis of [2]catenanes, wherein a kinetically controlled intramolecular ''click reaction'' takes place, requires 13 the formation (Scheme 9) of a [2]pseudorotaxane between, for example, an unsymmetrically substituted oligoether 17, containing a -electron-donating unit, and the -accepting CBPQT 4þ ring. On mixing 17 with CBPQT Á 4PF 6 in equimolar amounts, the solution turned deep purple, indicating the formation of the pseudorotaxane [17 & CBPQT] Á 4PF 6 . Treating the 1:1 complex formed between 17b and CBPQT 4þ with CuSO 4Á 5H 2 O and ascorbic acid, afforded 13 the [2]catenane 18b Á 4PF 6 in 41% yield. Employing the same methodology and using 17c which has a longer oligoether thread, the [2]catenane 18c Á 4PF 6 was obtained in 23% yield. When the shorter threaded analogue 17a was used, no reaction is observed, even after prolonged reaction times.
Single crystals of 18b Á 4PF 6 , suitable for X-ray crystallography, were grown 13b by vapor diffusion of i-Pr 2 O into a MeCN solution of the catenane at 23 C. The solid-state structure (Fig. 3) 
of the [2]catenane is reminiscent of DNP/CBPQT
4þ -based systems in respect of its mechanically interlocked nature and the alignment of the donor-acceptor units. Also present is a non-repulsive interaction between the 1,2,3-triazole and one of the bipyridinium subunits in the tetracationic cyclophane. The distance between the centroid of the triazole ring and the average plane of the inner bipyridinium unit is 3.38 Å , i.e., very close to that of the DNP-bipyridinium separation. Additionally, the two planes are nearly parallel (7.3 ) with the triazole ring being ever so slightly offset relative to one of the two pyridinium rings. 
Clicked Bistable [2]Rotaxanes
The use of mechanically interlocked molecules in molecular switches 5 and machines 6 depends on the ability of such molecules to undergo stimuli-induced changes that can alter the properties of the molecules. The initial success 10 in the synthesis of rotaxanes using ''click chemistry'' led 14a to the development (Scheme 10) of a diazido-terminated precursor 19, containing two recognition sites-a tetrathiafulvalene (TTF) one as well as a DNP one-that can be used in the synthesis of a range of bistable The electrochemical behavior of 20 Á 4PF 6 , as indicated by CV and differential pulse voltammetry (DPV) measurements, was found to be similar to those previously reported 5d,h for TTF/DNP two-station [2]rotaxanes, suggesting that the presence of the two triazole rings does not affect either the thermodynamics or the kinetics of the switching process. The mechanical switching in 20 4þ has also been investigated (Fig. 4) by UV-vis spectroelectrochemistry (SEC), a technique which verified the full reversibility of the electrochemical reaction and thus switching process. The band (Fig. 4a) , centered around 840 nm in the ground state (E ¼ 0 V) and originating 7 from the CT interaction between TTF and CBPQT 4þ started to bleach (Fig. 4b) as voltage is applied and the peaks ( max ¼ 445 and 595 nm) corresponding to the TTF þ radical cation absorption increased until the applied potential reached +0.80 V. This observation indicates that the CBPQT 4þ ring has moved away from the TTF þ radical cation to the DNP unit. When the applied potential was increased above +0.80 V (Fig. 4c) , the absorption band of the TTF þ radical cation started to bleach and a new peak ( max ¼ 380 nm), assignable to the TTF 2þ dication emerged. At E ¼ þ1:22 V (Fig. 4c) , a small absorption peak at around 530 nm, associated with the CT band between DNP and CBPQT 4þ , was detected. When the applied potential is switched off (E ¼ 0 V), the spectrum (Fig. 4d) gradually changed back to its original form. 4þ . Acceptor ring shown in blue, donor thread in red, and triazole ring in purple.
Scheme 9. Template-directed synthesis of the [2]catenanes 17b Á 4PF 6 and 17c Á 4PF 6 using click chemistry.
Clicked Liquid-Crystalline Bistable [2]Rotaxanes
Liquid crystals are ordered, condensed, and fluidic states of molecules that can be used as dynamically functional materials for (i) information and mass transport, (ii) sensing, (iii) catalysis, and (iv) stimuli responsiveness as well as for (v) electrooptical displays. [23] [24] [25] The introduction of liquid-crystalline (LC)-ordered structures into bistable [2]rotaxanes might provide a promising approach to the realization of bulk materials, formed from dynamically functional redox-switchable molecular machines. In this regard, the forklike LC dendron 21, comprising of rod-like cyclohexylbiphenyl mesogenic units 26 has been introduced recently as the stoppering component of an LC bistable [2]rotaxane (Scheme 11). The LC bistable
[2]rotaxane 22 Á 4PF 6 was synthesized in 50% yield, by subjecting the diazido precursor 19, 14b and two equiv of the alkyne-terminated LC dendron 21, to Cu I -catalyzed ''click reaction'' conditions. The model LC dumbbell-shaped compound 23 was also obtained (Scheme 11) in 67% yield, using the same procedure, except for the fact that CBPQT Á 4PF 6 was excluded from the reaction mixture.
The bistable [2]rotaxane 22 Á 4PF 6 exhibited, over the temperature range from 10 to ca. 150 C, an LC smectic A (S A ) phase which is a birefringent, viscous fluid state, as observed (Fig. 5) by polarized optical microscopy. When the temperature was raised above 150 C, the sample decomposed gradually before reaching the isotropic state. The small-angle X-ray scattering (SAXS) and wide-angle X-ray diffraction (WAXD) measurements revealed that the bistable [2]rotaxane formed an S A phase with a layered structure. In this ordered self-assembled state, the cyclohexylbiphenyl mesogenic units should force the [2]rotaxanes to align parallel (Scheme 12) to one another. The layer spacing of 8.3 nm observed for the S A phase corresponds to the extended molecular length of 22 Á 4PF 6 . The model dumbbell compound 23 also exhibited an S A phase from 7 up to 146 C on heating. In contrast to 22 Á 4PF 6 , the dumbbell compound 23 clearly showed the isotropization transition at 146 C (ÁH ¼ 3:8 kcal mol À1 ) without thermal degradation, presumably because of the absence of the CBPQT 4þ ring. The layer-spacing found for 23 was 7.1 nm at 40 C, a distance which is smaller than that (8.3 nm) observed for the bistable thus establishing the ability of the LC [2]rotaxane to be switched electrochemically in solution. The SEC results (Fig. 6) were also in agreement with previous results, although some extra peaks were observed (Fig. 6c) around 420-480 and 840 nm when the applied voltage was raised 14b to +0.90 V. These peaks were not observed (Fig. 4) for 20 Á 4PF 6 and so they were attributed tentatively to CT interactions between the -elec- 
Conclusion
It is now clear that ''click chemistry'' carried out between azides and alkynes can be used in the efficient synthesis of mechanically interlocked compounds. The relatively simple precursors required for their synthesis and the inherent simplicity of the Cu I -catalyzed Huisgen 1,3-dipolar cycloaddition will do much to propagate the use of this kind of ''click chemistry'' in the making of mechanically interlocked molecules and establish it as an indispensable method of synthesis. The methodology also opens up the pathway to new highly ordered mechanically interlocked compounds which would have not been accessible earlier by previous synthetic routes. The fact that the 1,2,3-triazole units, introduced as a consequence of the 1,3-dipolar cycloaddition between an azide and an alkyne, has little appreciable impact on (i) the shuttling rates, (ii) switching behavior, and (iii) the electrochemical properties of the mechanically interlocked compounds isolated will do much to popularize this particular approach to mechanically interlocked molecules that exhibit dual and multi-state switching 5 and/or behave like molecular machines. 6 This synthetic approach, wherein kinetically controlled ''click chemistry'' becomes important in the synthesis of catenanes and rotaxanes, as well as other mechanically interlocked compounds, is here to stay. 
